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Event-related  potentials  were  measured  in twenty-four  children  aged  6–15  years,  at one-
year intervals  for  two years,  to investigate  developmental  changes  in each  subject’s  neural
response  to a  point-light  walker  (PLW)  and a  scrambled  PLW  (sPLW)  stimulus.  One  posi-
tive  peak  (P1)  and  two  negative  peaks  (N1 and  N2) were  observed  in  both  occipitotemporal
regions  at  approximately  130,  200,  and  300–400  ms.  The  amplitude  and  latency  of the  P1
component  measured  by  the occipital  electrode  decreased  during  development  over  the
ﬁrst one-year  period.  Negative  amplitudes  of  both  N1  and  N2,  induced  by the  PLW stimu-
lus, were  signiﬁcantly  larger  than  those  induced  by the  sPLW  stimulus.  Moreover,  for  theongitudinal study
evelopment
hildren
P1–N1 amplitude,  the  values  for  the  eight-year-old  children  were  signiﬁcantly  larger  than
those for the  twelve-year-old  children.  N1 and  N2  latency  at certain  electrodes  decreased
with age,  but  no consistent  changes  were  observed.  These  results  suggest  that  enhanced
electrophysiological  responses  to PLW  can  be  observed  in  all  age  groups,  and that  the  early
components were  changed  even  over  the  course  of a single  year  at the  age of  twelve.. Introduction
Biological motion (BM) is a phenomenon whereby one
an  perceive vivid actions with only a dozen points of
ight  representing the joints (Johansson, 1973). Interest-
ngly, much information can be extracted from point-light
otion, such as individual identiﬁcation (Cutting and
ozlowski, 1977; Troje et al., 2005), gender (Kozlowski and
utting,  1977; Troje, 2002), direction (Beintema and Lappe,
002;  Bertenthal and Pinto, 1994; Mather et al., 1992; Troje
nd  Westhoff, 2006) or emotion (Dittrich, 1993; Pollick
t  al., 2001).
Previous neuroimaging studies have revealed that the
osterior part of the superior temporal sulcus (pSTS) plays
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an important role in the perception of BM (Bonda et al.,
1996;  Grossman and Blake, 2001; Grossman et al., 2000;
Michels et al., 2009; Pelphrey et al., 2003; Peuskens et al.,
2005;  Vaina et al., 2001). Further, along with pSTS regions,
the  middle temporal/V5 complex (hMT/V5+) (Grezes et al.,
2001;  Howard et al., 1996), fusiform gyrus (Grossman and
Blake,  2002; Grossman et al., 2004; Santi et al., 2003),
amygdala (Bonda et al., 1996), frontal region (Saygin,
2007; Saygin et al., 2004), kinetic-occipital (KO) (Servos
et  al., 2002; Vaina et al., 2001), and cerebellum (Grossman
et  al., 2000; Jokisch et al., 2005b) are also involved in BM
processing. A recent fMRI study demonstrated that the
fusiform body area (FBA) and the extrastriate body area
(EBA)  are the two  main regions involved in the processing
of  the point-light walker (PLW) stimulus (Jastorff and
Orban, 2009).Several event-related potential (ERP) (Hirai et al., 2003,
2005; Jokisch et al., 2005a; Krakowski et al., 2011) and
magnetoencephalography (MEG) studies (Hirai et al., 2008;
Pavlova  et al., 2006; Virji-Babul et al., 2007) have also
l Cognitive Neuroscience 5 (2013) 51– 62
Table 1
Study participants in the ﬁrst year.
Group Number Age range, mean age
(SD)
Female  Male
8-year-olds 8 6–9 years
8  years 4 months (±12
months)
1  7
10-year-olds  8 9–11 years
10  years 1 months (±5
months)
5  352 M. Hirai et al. / Developmenta
shown the neural dynamics of BM processing. ERP studies
(Hirai  et al., 2003, 2005; Jokisch et al., 2005a; Krakowski
et al., 2011) have demonstrated that two negative compo-
nents  are speciﬁed at around 200 ms  and 240–330 ms  after
stimulus onset in the bilateral occipitotemporal region.
These results suggest that the ﬁrst component, which was
estimated  in the vicinity of the KO/hMT region (Krakowski
et  al., 2011), reﬂects the processing of motion (Hirai
and Kakigi, 2008) or a pattern of moving dots that rep-
resent a familiar human form, such as body-sensitive
neural responses that are observed at 190 ms  (Peelen and
Downing, 2007; Stekelenburg and de Gelder, 2004; Thierry
et  al., 2006). The second component (∼500 ms), which was
estimated in the vicinity of the pSTS region (Hirai et al.,
2008;  Krakowski et al., 2011) or the superior temporal
gyrus and fusiform gyrus regions (Jokisch et al., 2005a)
might be sensitive to coherent human forms, rather than
object  forms as mediated by global motion information
(Safford et al., 2010; Virji-Babul et al., 2007). This concept
of  a two-stage processing model in BM seems to be com-
patible  with the framework regarding a hierarchical model
of  BM processing (Troje, 2008).
The processing of BM presents at the early stages of
development and changes from birth to later childhood.
Previous behavioral evidence also indicates that infants
aged  from 3 to 9 months show a differential preference
toward a BM stimulus as well as other kinds of motion
pattern stimuli (Bertenthal et al., 1984, 1987; Fox and
McDaniel, 1982). Moreover, a recent study demonstrated
that even newborn infants can distinguish a BM stimulus
from other kinds of motion stimuli (Simion et al., 2008),
implying that the preference for BM may  be equipped
innately and the sensitivity to the BM changes by age 9
(Blake  et al., 2003; Freire et al., 2006; Jordan et al., 2002;
Pavlova et al., 2001). Moreover, a recent study showed that
the  performance on the emotional detection from point-
lights  motion improves drastically until 8.5 years of age,
followed by a much slower improvement rate through late
childhood  and adolescence (Ross et al., 2012).
From the view of atypical development, a behavioral
study revealed that children with autism aged 8–10 years
did  not perform as well as their normal counterparts;
however, performance of the static version of the form-
from-motion task was equal between the groups (Blake
et  al., 2003). The atypical processing of BM in children and
adolescents with autism has been consistently reported in
recent  studies (Annaz et al., 2012; Kaiser et al., 2010b; Klin
et  al., 2009; Koldewyn et al., 2010). However, for adults
with  autism, it is still controversial whether or not the
processing of BM is typical (Murphy et al., 2009; Saygin
et  al., 2010) or atypical (Cook et al., 2009; Kaiser et al.,
2010a). These studies imply that the atypical processing of
BM  is consistently observed in children with autism, how-
ever  whether this persists in adulthood is controversial.
Results from these behavioral studies have demon-
strated that BM-detecting mechanisms emerge during an
early  stage of development and that they change remark-
ably  during childhood. Supporting these ﬁndings, several
ERP,  MEG, or fMRI studies on BM perception in infants or
children  indicate that the differential neural activities were
observed  between BM and other kinds of motion stimuli12-year-olds  8 11–14 years
12  years 1 months
(±11  months)
1 7
in 5-month-old infants (Marshall and Shipley, 2009) and
8-month-old infants (Hirai and Hiraki, 2005; Reid et al.,
2006)  and the neural activity changes by the age of 10
(Carter and Pelphrey, 2006; Hirai et al., 2009).
Despite the fact that the neural response to the BM
stimuli in children aged from 6 to 10 years old changed
dramatically during their development, previous ERP stud-
ies  did not follow how the neural responses to BM change
during this period. Moreover, children with autism (aver-
age  age, 8.4 years) were signiﬁcantly impaired during the
BM  detection task, when compared against typically devel-
oped  children (average age, 7.9 years) (Blake et al., 2003).
Thus,  to aid in further studies, an electrophysiological index
of  BM processing during childhood needs to be established,
to  determine how the component(s) would be modulated
by  autistic or atypically developed children aged between
7  and 10 years.
To  address these issues, ERPs were measured in
twenty-four children, aged 6–14 years, to compare the
developmental changes in the neural responses to BM over
a  two-year period, at one-year intervals. Speciﬁcally, the
developmental changes of P1, N1, and N2 ERP components
related to BM processing were evaluated in each child for
two  years.
2.  Methods
2.1. Participants
Twenty-four children participated in the present study
at  one-year intervals for two  years. The period of exami-
nation during the two years was  approximately one year
for  each child (12.0 ± 0.8 months, Mean ± SD). Japanese
children were recruited from elementary and junior high
schools  in Okazaki, Japan. Children in this study had no
history  of neurological disorders. All children and their
parents provided informed consent to participate, and the
experimental protocol was approved by the Ethics Com-
mittee  of the National Institute for Physiological Sciences.
Children were divided into three groups (8-year-olds, 10-
year-olds,  and 12-year-olds), as indicated in Table 1.
2.2.  Experimental stimuli and tasksTwo forms of visual stimuli (PLW and sPLW) were used,
as  had been in previous studies (Grossman et al., 2000; Hirai
et  al., 2003). The point-light walker (PLW; basic stimulus)
was  generated from computer algorithms developed by
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utting (1978). The animation was comprised of 11 moving
oint-lights attached to the head and main body joints; the
nimation  appeared as if a person was walking on a tread-
ill.  Two different walker animations were created (one
acing  to the left and one facing to the right). For a control,
 scrambled PLW (sPLW) stimulus was used. Each sPLW
oint  had the same velocity vector (i.e., the same speed
nd  direction for each point) as the PLW points, and there
ere  the same number of point-lights, although the initial
patial  position was randomized. Thus, the only difference
etween the PLW and sPLW stimuli was the spatial conﬁg-
ration of point-lights; that is, random versus ordered. In
ach  stimulus, ten different stimulus patterns were created
y  shifting the starting frame from the original stimulus.
he two kinds of walker (namely, left and right facing) were
resented randomly. In this experiment, speed of gait was
.0  steps per second and frame duration was 33 ms,  pro-
ucing  a smooth animation. Each stimulus was presented
or  500 ms  and the inter-stimulus interval varied randomly
etween 960 and 1440 ms.  The animation was displayed
ubtending a visual angle of 3◦ × 3◦ on a 21-in. CRT mon-
tor (SONY, GDM-F520), at a viewing distance of 150 cm.
ll  points were white against a black background. A red
xation point was presented at the center of the monitor
uring the stimulus presentation and the inter-stimulus
nterval, and participants were required to ﬁxate on this
oint.  The ﬁxation point was placed in the center of both
he  PLW and sPLW stimuli. The experimental equipment,
nvironment, and procedures were identical at all points
n  time.
The experiment consisted of seven blocks. In a single
lock, each experimental stimulus (PLW and sPLW) was
andomly presented 12 times. Two kinds of tasks were
equired; one during and one after the experiment. To
aintain their attention on the center of the monitor dur-
ng  the experiment, participants were instructed to press a
utton  with their right thumb when a target (static point-
ights)  was presented instead of the animation. One frame
as  extracted from the PLW or sPLW animation to cre-
te  the target. Following experimentation, children were
resented with each visual stimulus and were required to
erbally  describe what the presented stimuli (both PLW
nd  sPLW) looked like. In the verbal task, children were
llowed to describe freely whatever came to mind. During
 single block, a static point-light stimulus was randomly
resented twice. The experimental task and procedures
ere also identical at all points in time.
.3. EEG recording and data analysis
In both the ﬁrst and second year, electroencephalo-
rams (EEGs) were recorded using Ag/AgCl disk electrodes
laced on the scalp at 21 locations: Nose, A1, A2, O1, O2,
3,  P4, Pz, T3, T4, C3, C4, Cz, F3, F4, Fz, FCz, T5, T6, T5′,
nd  T6′, according to the International 10–20 System. T5′
nd T6′ were located 2 cm below T5 and T6, as they had
een  placed in our previous studies (Watanabe et al., 2003).
wo  electrodes, HEOG (right temple) and VEOG (above
he  right eye), were used to record electro-oculograms
EOGs) for the identiﬁcation of horizontal and vertical eye
ovements. Impedance was maintained at less than 5 k.ve Neuroscience 5 (2013) 51– 62 53
All  EEG signals were collected on a signal processor
(EEG-1100, Nihon-Kohden, Tokyo, Japan). The bandpass
ﬁlter was  set at 0.1–100 Hz. All recordings were initially
referenced to C3 and C4 (based on system settings), but
later  to the tip of the nose to match previous ERP studies
(Hirai and Kakigi, 2008; Hirai et al., 2009; Jokisch et al.,
2005a). Electrical potential was  digitized at a 1000-Hz
sampling rate, and data was  stored on a computer disk for
ofﬂine  analysis.
2.4.  Data analysis (ERP waveform analysis)
In the off-line analysis of EEG recordings, a 0.1–30 Hz
bandpass ﬁlter (24 dB/octave) was  applied to the data. Tri-
als  in which the EEG or EOG signal variation exceeded a
value  of ±75 V were discarded. The analysis window was
extended for 500 ms  following the onset of each stimulus.
The  mean amplitude during the 100 ms  prior to stimu-
lus  presentation was  used as the baseline and applied
to individual data. Only ERP data from participants that
exhibited signal variation of less than ±75 V for each stim-
ulus  in over 30 trials were analyzed; a grand-averaged
waveform for each group was calculated. All participants
passed the above-mentioned criteria for both years. Dur-
ing  the ﬁrst year, the average number of accepted trials was
as  follows: 8-year-olds (PLW: 45.5 ± 8.1, sPLW: 46.8 ± 7.3
trials;  mean ± SD), 10-year-olds (PLW: 50.5 ± 9.3, sPLW:
51.2  ± 9.1 trials), and 12-year-olds (PLW: 54.9 ± 15.4,
sPLW: 56.8 ± 17.9 trials). During the second year, the
number of accepted trials was  as follows: 8-year-olds
(PLW: 46.9 ± 13.5, sPLW: 48.4 ± 14.8 trials; mean ± SD), 10-
year-olds  (PLW: 62.3 ± 11.2, sPLW: 61.3 ± 12.5 trials), and
12-year-olds (PLW: 60.7 ± 12.8, sPLW: 64.2 ± 9.3 trials).
The data analysis focused on three ERP components
(P1, N1, and N2), which were observed at approximately
130, 200, and ∼400 ms,  respectively for the following rea-
sons.  First, in our previous study (Hirai et al., 2009), we
focused on these three ERP components (P1, N1 and N2)
and  found for these components, both conditional dif-
ferences (i.e. PLW vs. sPLW motion) and developmental
changes in latencies. Moreover, a recent ERP study with
adults  by Krakowski et al. (2011) also found that these
three components (P1, N1 and N2) were modulated by
the  stimuli. Therefore, we  think it is reasonable to focus
on  these three ERP components in the present study to
elucidate the developmental changes in the neural activi-
ties  underlying the perception of BM.  Secondly, we already
know  some things with regard to their generator(s): it is
known  that the N1 component is generated from the vicin-
ity  area of the hMT/V5 (Jokisch et al., 2005a; Krakowski
et al., 2011) and the generator of the N2 component is esti-
mated  in the STG/STS region (Hirai et al., 2008; Jokisch et al.,
2005a;  Krakowski et al., 2011). Thus, we would be able
to  discuss the developmental changes of BM processing
regarding not only the changes in the waveform shape but
also  the strength or timing of the source of each component.
The peak of each component was determined using the
following time windows: P1 component (80–160 ms),
N1  component (160–240 ms), and N2 component
(240–440 ms). As in previous studies (Hirai et al., 2003,
2005; Jokisch et al., 2005a), one positive component (P1)
l Cognit54 M. Hirai et al. / Developmenta
and two negative components (N1 and N2) were observed
at  the T5′/T6′ electrodes, and P1 and N1 were also observed
at  the O1/O2 electrodes. Thus, a statistical analysis was
performed on the amplitude and latency of P1, N1, and N2
at  the T5′/T6′ electrodes, as well as P1 and N1 at the O1/O2
electrodes. In addition to the analysis of each component,
we analyzed the peak-to-peak (P1–N1) amplitude to
address the large differences in P1 amplitude across age
groups.
Both  the behavioral and ERP data were analyzed using
a  mixed-design repeated measures analysis of variance
(ANOVA), with the Greenhouse–Geisser epsilon correction
for  nonsphericity; Tukey’s HSD was applied for multiple
comparisons. For the behavioral data, a two-way ANOVA
was  applied to the percentages of correct performances.
Group was used as an inter-subject factor (8-year-olds,
10-year-olds, and 12-year-olds) and Year was used as an
intra-subject factor (ﬁrst and second year).
Both the P1 and N1 components and the peak-to-peak
(P1–N1) amplitude were analyzed using mixed-design
repeated measures ANOVAs, with the Greenhouse–Geisser
epsilon correction for nonsphericity; Tukey’s HSD was
applied for multiple comparisons. A ﬁve-way ANOVA was
applied  to the amplitude and latency of each component
(P1 and N1) and P1–N1 amplitude. Group was used as
an  intersubject factor (8-year-olds, 10-year-olds, and 12-
year-olds) and Hemisphere (Left Hemisphere and Right
Hemisphere), Stimulus (PLW and sPLW), Electrode (Occip-
ital  and Occipitotemporal) and Year (ﬁrst and second) were
used  as intrasubject factors. For the N2 component, a three-
way  ANOVA was applied to the amplitude and latency
of  N2. Group was used as an intersubject factor (8-year-
olds, 10-year-olds, and 12-year-olds) and Hemisphere (Left
Hemisphere and Right Hemisphere), Stimulus (PLW and
sPLW)  and Year (ﬁrst and second) were used as intrasubject
factors.
In  the analysis, if the sphericity assumption was  vio-
lated in Mauchly’s sphericity test, the Greenhouse–Geisser
epsilon coefﬁcient was used to correct the degrees of free-
dom,  then F and p values were recalculated. We  considered
statistical signiﬁcance to be p < 0.05.
Because  the number of averaged trials was different
across groups, one might think that it would affect the
results. In our preliminary analysis, we applied analysis
of  covariance (ANCOVA) to both the amplitude and the
latency of each component, while the number of trials
as  covariate. However, we did not conﬁrm a parallelism
except for the N2 amplitude, thus it would not be appro-
priate to applying ANCOVA in the current results.
3. Results
3.1. Behavioral performance
In  the ﬁrst and second year, the percentages of correct
performances for the target-detection task (detecting the
static  version of the stimulus) were as follows: (8-year-
olds: 100.0 ± 0, 10-year-olds: 90.0 ± 5.3, 12-year-olds:
100.0 ± 0%; mean ± SE) in the ﬁrst year and (8-year-
olds: 97.5 ± 2.5, 10-year-olds: 97.9 ± 2.1, 12-year-olds:
100.0 ± 0%) in the second year. Taken together, noive Neuroscience 5 (2013) 51– 62
signiﬁcant effect was observed when groups and years
were  applied in a two-way ANOVA analysis [Fs < 2.7,
ps  > 0.09], suggesting that all the groups successfully per-
formed  the task over two years.
Over a single year of development, nearly all partici-
pants reported that the PLW stimulus appeared to be a
‘walking human ﬁgure’. In contrast, it was difﬁcult for all
participants to perceive a human ﬁgure from the sPLW
stimulus. The present results are in accordance with previ-
ous  behavioral studies in children (Blake et al., 2003; Freire
et  al., 2006; Pavlova et al., 2001). These studies suggest
that children as young as 5 years of age perform as well
as  adults in detecting unmasked BM.  In the present study,
all  children in the 8-year-old group (mean age: 8 years and
4  months) reported that the PLW stimulus looked like a
‘walking  human ﬁgure’.
3.2.  ERP data
Fig.  1 shows the grand-averaged ERPs across the age
groups for PLW and sPLW between the ﬁrst and second
year. Two  prominent components (P1 and N1) at the O1/O2
electrodes, and three components (P1, N1 and N2) at the
T5′/T6′ electrodes, were observed in response to both PLW
and  sPLW stimuli, which are similar to results from pre-
vious  studies (Hirai et al., 2003, 2005, 2009; Jokisch et al.,
2005a;  Krakowski et al., 2011). A statistical analysis was
performed on the latency and amplitude of each compo-
nent.
3.2.1.  P1 component
As  shown in Figs. 2 and 3, for the P1 component, both
amplitude and latency decreased during development over
the  ﬁrst one-year period. In addition, we also found that
the  stimulus type modulated the P1 latency, but not the P1
amplitude.
For  the P1 amplitude, the interaction of Year ×
Hemisphere [F(1, 21) = 7.6, p < 0.05] and Year × Electrode
[F(1, 21) = 5.6, p < 0.05], and Hemisphere × Electrode [F(1,
21)  = 11.8, p < 0.05] were signiﬁcant. Also a main effect of
Group  was  signiﬁcant [F(2, 21) = 4.1, p < 0.05]. Subsequent
analysis revealed that the amplitude in the right hemi-
sphere was signiﬁcantly larger than in the left hemisphere
for the ﬁrst year (13.7 vs. 14.8 V) [F(1, 46) = 5.47, p < 0.05]
and  for the second year (10.9 vs. 13.3 V) [F(1, 46) = 26.0,
p  < 0.01]. For the left hemisphere, the amplitude at the sec-
ond  year was signiﬁcantly smaller than at the ﬁrst year
(13.7  vs. 10.9 V) [F(1, 46) = 11.3, p < 0.01]. Regarding the
electrodes, the amplitude at the occipital electrode was sig-
niﬁcantly  larger than at the occipitotemporal electrodes for
the  ﬁrst year [F(1, 46) = 85.2, p < 0.01] and the second year
[F(1,  46) = 58.7, p < 0.01]. At the occipital electrodes, the
amplitude in the ﬁrst year was signiﬁcantly larger than in
the  second year (20.5 vs. 17.3 V) [F(1, 46) = 12.4, p < 0.01].
For  the interaction between hemisphere and electrode,
the amplitudes at the occipital electrodes were signiﬁ-
cantly larger than at the occipitotemporal electrodes in the
left  hemisphere (18.7 vs. 5.8 V) [F(1, 46) = 91.4, p < 0.01]
and  the right hemisphere (19.2 vs. 8.9 V) [F(1, 46) = 57.9,
p  < 0.01]. These interhemispheric differences were also
seen  at the occipitotemporal electrodes; the amplitudes in
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Fig. 1. Grand-averaged ERPs at four electrodes (O1, O2, T5′ , T6′) in response to (A) PLW and (B) sPLW stimuli displayed to subjects in three age groups. Each
color  indicates a stimulus condition in the ﬁrst or second year. (PLW condition in the ﬁrst year (blue) and the second year (aqua), and the sPLW condition in
the  ﬁrst year (red) and the second year (pink).) Three prominent components, P1, N1 and N2, were observed at around 130, 200 and 300–400 ms after the
stimulus  onset, respectively. The P1 component was observed at the O1/O2 electrodes, and its amplitude decreased signiﬁcantly with development. The
latency  of the P1 component at the O1/O2 electrodes was not modulated by development. The N1 and N2 components were mainly observed at the T5′/T6′
electrodes. Both negative amplitudes induced by the PLW stimulus were signiﬁcantly larger than those induced by the sPLW stimulus. The N1 latency
decreased  signiﬁcantly with development, but the N2 latency did not.
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the right hemisphere were signiﬁcantly larger than in the
left  hemisphere (8.9 vs. 5.8 V) [F(1, 46) = 31.4, p < 0.01].
Regarding the developmental changes, the amplitudes in
the  8-year-olds were signiﬁcantly larger than in the 12-
year-olds (17.2 vs. 9.6 V).
For the P1 latency, a four-way interaction of
Year × Hemisphere × Electrode × Stimulus was signiﬁ-
cant [F(1, 21) = 5.0, p < 0.05] and a two-way interaction
between Group × Stimulus was signiﬁcant [F(1, 21) = 4.0,
p  < 0.05]. Regarding the four-way interaction, a follow-up
analysis revealed that the P1 latency at the occipi-
totemporal electrode was signiﬁcantly longer than at
the  occipital electrode for the PLW condition (132.8 vs.
128.4  ms)  [F(1, 46) = 4.84, p < 0.05]. Moreover, the P1
latency induced by the PLW stimulus was signiﬁcantly
greater than that was induced by the sPLW stimulus at
the  occipitotemporal electrode (132.8 vs. 129.7 ms)  [F(1,
46)  = 4.3, p < 0.05]. Regarding the two-way interaction
between Group × Stimulus, the P1 latency induced by
the  PLW stimulus was signiﬁcantly greater than by theFig. 3. The averaged latency of the P1 component. (A) O1/O2 electrodes
and (B) T5′/T6′ electrodes. The error bars indicate the standard errors (SEs)
of  the mean.
sPLW stimulus for the 10-year-olds (127.7 vs. 124.0 ms)
[F(1,  42) = 7.23, p < 0.05]. For the sPLW stimulus, the effect
of  group was  signiﬁcant [F(1, 42) = 3.5, p < 0.05]. The fol-
lowing Tukey’s HSD analysis revealed that the P1 latency
in  the 8-year-olds was  signiﬁcantly longer than in the
10-year-olds (137.6 vs. 128.7 ms,  p < 0.05).
3.2.2. N1 component
For  the N1 component, the N1 amplitude was modu-
lated by the stimulus type while the N1 latency changed
across all groups (Figs. 4 and 5).
For the N1 amplitude, a four-way interaction of
Year × Electrode × Stimulus × Group was signiﬁcant [F(2,
21)  = 4.4, p < 0.05]. A follow-up analysis revealed signif-
icant main effects of Electrode [F(1, 21) = 13.4, p < 0.01]
and  Stimulus [F(1, 21) = 12.3, p < 0.01], but did not reach
the  statistical signiﬁcance for other interactions [Fs < 3.7,
ps  > 0.06]. It suggests that the N1 amplitude for the PLW
stimulus was  signiﬁcantly larger than that for the sPLW
stimulus (−2.1 vs. −0.8 V), and the N1 amplitude at the
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ig. 4. The averaged amplitude of the N1 component. (A) O1/O2 elec-
rodes and (B) T5′/T6′ electrodes. The error bars indicate the standard
rrors (SEs) of the mean.
ccipitotemporal electrode was signiﬁcantly larger than
hat  at the occipital electrode (−4.0 vs. 1.1 V).
For  the N1 latency, a three-way interaction
f Year × Stimulus × Group was signiﬁcant [F(2,
1) = 4.6, p < 0.05] and a two-way interaction of Hemi-
phere × Electrode was signiﬁcant [F(2, 21) = 4.8, p < 0.05].
 follow-up analysis of the three-way interaction revealed
hat  the N1 latency at the occipital electrode was signiﬁ-
antly shorter than that at the occipitotemporal electrode
n  both hemispheres (Left Hemisphere: 156.4 vs. 163.1 ms,
 < 0.05; Right Hemisphere: 154.3 vs. 166.1 ms,  p < 0.01).
urthermore, a main effect of group was signiﬁcant [F(2,
1)  = 3.7, p < 0.05], suggesting that the latency in the 8-
ear-olds was signiﬁcantly longer than in the 12-year-olds
215.9 vs. 186.4 ms)..2.3. P1–N1 component
As  shown in Fig. 6, the P1–N1 amplitude was
odulated by the type of stimulus, the year and
he group. We  also found an inter-hemisphericand (B) T5′/T6′ electrodes. The error bars indicate the standard errors (SEs)
of  the mean.
difference as well. The four-way interactions between
Year × Hemisphere × Electrode × Stimulus [F(2, 21) = 5.47,
p  < 0.05] and Year × Electrode × Stimulus × Group [F(2, 21)
= 5.23, p < 0.05] were signiﬁcant. Subsequent
analysis of the four-way interaction between
Year × Hemisphere × Electrode × Stimulus revealed a two-
way  interaction between Year × Hemisphere
[F(1, 23) = 17.7, p < 0.01]. For the interaction of
Year × Hemisphere, follow-up analysis revealed that
the amplitude in the right hemisphere was  signiﬁcantly
larger than that in the left hemisphere in the ﬁrst year (14.3
vs.  15.5 V) [F(1, 46) = 4.22, p < 0.05] and the second year
(12.8 vs. 16.0 V) [F(1, 46) = 29.2, p < 0.01]. Moreover, sig-
niﬁcant main effects of electrode [F(1, 23) = 26.1, p < 0.01]
and  stimulus [F(1, 23) = 6.1, p < 0.05]. This suggests that
the  amplitude at the occipital electrode was  signiﬁcantly
larger than at the occipitotemporal electrode (17.8 vs.
11.4  V) and the amplitude induced by the PLW was
signiﬁcantly larger than by the sPLW (15.1 vs. 14.1 V).
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Subsequent analysis of a four-way interaction of
Year × Electrode × Stimulus × Group revealed a signiﬁcant
two-way interaction of Electrode × Stimulus [F(1, 21) = 4.4,
p  < 0.05]. For the interaction of Electrode × Stimulus, subse-
quent  analysis revealed that the amplitude at the occipital
electrode was signiﬁcantly larger than that at the occipi-
totemporal electrode for PLW stimulus (18.1 vs. 12.2 V)
[F(1,  46) = 21.5, p < 0.01] and for sPLW stimulus (17.6 vs.
10.6  V) [F(1, 46) = 29.1, p < 0.01]. Moreover, the amplitude
induced at the occipitotemporal electrode by the PLW stim-
ulus  was signiﬁcantly larger than that by the sPLW stimulus
(12.2  vs. 10.6 V) [F(1, 46) = 9.90, p < 0.01]. Regarding the
group  difference, the amplitudes in the 8-year-olds were
signiﬁcantly larger than that in the 12-year-olds (19.6 vs.
10.1  V, p < 0.01).
3.2.4.  N2 component
For  the N2 component (Fig. 7), both amplitude and
latency were modulated by the stimulus type, but only the
N2  latecy was modulated by the year and group.
For the N2 amplitude, a main effect of stimulus was
signiﬁcant [F(1, 23) = 15.9, p < 0.01]. This indicates that the
N2  amplitudes induced by the PLW stimulus were signif-
icantly  larger than those induced by the sPLW stimulus
(−3.1 vs. −1.7 V). For the N2 latency, the interaction ofFig. 7. The averaged amplitude and latency of the N2 component at the
T5′/T6′ electrodes. The error bars indicate the standard errors (SEs) of the
mean.
Year × Group [F(2, 21) = 4.91, p < 0.05] and Year × Stimulus
[F(1, 21) = 7.16, p < 0.05] was  signiﬁcant. Subsequent
analysis revealed that the second-year latencies for the
sPLW  stimulus were signiﬁcantly longer than those for
the  PLW stimulus (309.8 vs. 292.7 ms)  [F(1, 46) = 9.94,
p  < 0.01]. Moreover, the latencies in the ﬁrst year was  sig-
niﬁcantly longer than in the second year for the 8-year-olds
(341.0 vs. 298 ms)  [F(1, 21) = 4.6, p < 0.05], but opposite
for the 10-year-olds (276.1 vs. 322 ms)  [F(1, 21) = 5.1,
p  < 0.05].
4. Discussion
We  measured the ERP’s of twenty four children each
year over a two-year period in order to track individ-
ual developmental changes in the temporal proﬁle of
the  neural responses to PLW and sPLW stimuli during
childhood. One positive component (P1) and two nega-
tive  components (N1 and N2) were observed, which are
related  to the processing of PLW stimuli, as previously
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eported in adult ERP studies (Hirai et al., 2003, 2005,
009; Jokisch et al., 2005a; Krakowski et al., 2011). Our
ndings can be summarized as follows: Regarding the
mplitudes, (1) the P1 amplitudes at the occipital and
ccipitotemporal electrodes were altered by age group and
ear  but not by stimulus, while P1 latency was altered
y stimulus, (2) the P1–N1 amplitudes were different
etween the 8-year-old and the 12-year-old groups and
ere  modulated by the stimulus as well, (3) the N1 and
2  amplitudes were not changed by age group or year,
ut  differed at the occipitotemporal electrodes accord-
ng  to the stimulus. As for the latencies, the P1 and N1
atency at the occipitotemporal electrodes decreased by
ge  group but not by year. For N2, the latency was affected
y  year, group and stimulus at the occipitotemporal
lectrodes.
These ﬁndings suggest that enhanced electrophysi-
logical responses to PLW can be observed in all age
roups, and that the early component was changed
ven over the course of a single year at the age of
welve.
.1. P1 component
In  a group analysis of the present study, age group and
ear  had an inﬂuence on the P1 amplitude but stimulus
id not. Regarding developmental changes in P1 ampli-
ude,  our current ﬁnding appears consistent with previous
RP  ﬁndings showing that the P1 amplitude during devel-
pment decreases from visual stimulus, such as color,
otion, and face (Coch et al., 2005; Itier and Taylor, 2004;
itchell and Neville, 2004; Taylor et al., 2001, 2004).
his decrement of the P1 amplitude would reﬂect devel-
pmental changes in the encoding of low-level visual
roperties (McCarthy et al., 1999) and changes in the cor-
ical  structure (Courchesne, 1990; Gogtay et al., 2004).
ere, the P1 amplitude was signiﬁcantly smaller in the
econd  year than it was in the ﬁrst in all groups. This
esult implies that the primary visual cortex is developing
apidly during this period; therefore, differences in ampli-
ude  should be detectable between the ﬁrst and second
ear.
Regarding the stimulus effect on the P1 amplitude, our
urrent ﬁnding was not consistent with previous ERP stud-
es  showing the stimulus effect was found in 7-year-olds
Hirai et al., 2009) and adults (Krakowski et al., 2011). The
ifferences between the current study and previous stud-
es  were the age of the group (7-year-olds in the previous
tudy) (Hirai et al., 2009) or the use of different stimulus
ets (Krakowski et al., 2011). In future studies, we  need
o  address which information within a PLW can affect the
1  component and how this changes throughout develop-
ent.
For  the P1 latencies at the T5′/T6′ electrodes, those of 8-
ear-olds were signiﬁcantly longer than those of 10-year-
lds  and a conditional difference of P1 latency was only
bserved in the 10-year-old group. The group difference
s  consistent with previous studies such as color, motion
nd  face stimuli (Coch et al., 2005; Mitchell and Neville,
004). These results imply that the changes in P1 latency
re  non-monotonic.ve Neuroscience 5 (2013) 51– 62 59
4.2.  N1 component
The  N1 amplitude at T5′/T6′ was  modulated by the
stimulus condition while N1 latency was not. Consistent
with previous ERP studies (Hirai et al., 2003; Jokisch et al.,
2005a),  the N1 amplitude induced by the PLW stimulus was
signiﬁcantly larger in all age groups than that induced by
the  sPLW stimulus, and there were no conditional differ-
ences  in latency.
Several  cross-sectional ERP studies have investigated
developmental changes of the N1 component related to the
processing  of motion, color (Coch et al., 2005; Mitchell and
Neville,  2004), face (Taylor et al., 2001, 2004), and body
(Gliga  and Dehaene-Lambertz, 2005) stimuli. Contrary to
these  studies, the present study does not show a consistent
change in N1 amplitude through development. Several ERP
studies  demonstrate that the motion-processing N1 com-
ponent  (Coch et al., 2005), as well as the face-speciﬁc N170
component (Taylor et al., 1999, 2004), remains unchanged
through development. In the current experiment, we did
not  see group differences in the N1 amplitude, but we
found  a group effect on the P1–N1 amplitudes. It is pos-
sible  that the N1 component is affected by development,
however, the preceding P1 component varied extensively
across age groups, thus we  did not observe a signiﬁcant
developmental effect in the N1 analysis, but observed it in
the  peak-to-peak (P1–N1) analysis. As a result, the P1–N1
amplitude across the occipitotemporal electrodes is signif-
icantly  larger in the 8-year-olds than in the 12-year-olds.
We have previously shown that the P1–N1 amplitude for
both  stimuli in the right hemisphere is signiﬁcantly smaller
in  adults than in 9, 10 and 11-year-olds, but is not signif-
icantly smaller than that of the 13-year-olds (Hirai et al.,
2009).  Consistent with this, the P1–N1 amplitudes of the
8-year-olds are signiﬁcantly larger than those of the 12-
year-olds, but not in the 10-year-olds.
We also found that N1 latency decreases signiﬁcantly
with age at the T5′/T6′ electrodes, which appears consistent
with ﬁndings from a previous study (Mitchell and Neville,
2004). When using a unidirectional linear motion stimuli
(Langrova et al., 2006) or face stimuli, the developmental
changes in latency are also reported (Itier and Taylor, 2004;
Taylor  et al., 2001).
Two  ERP studies for the perception of BM demonstrate
that the ﬁrst negative component is estimated in the vicin-
ity  of the dorsal visual stream, in close proximity to regions
associated with general motion processing such as hMT
(Krakowski et al., 2011) or lingual gyrus (Jokisch et al.,
2005a). This implies that the timing of the neural activity
generated from the hMT  or the lingual gyrus can change
until age 12.
4.3.  N2 component
Consistent with other ERP studies, the N2 amplitude
induced by the PLW stimulus is signiﬁcantly larger than
that  induced by the sPLW stimulus (Hirai et al., 2003;
Jokisch et al., 2005a; Krakowski et al., 2011), but the
amplitude at the T5′/T6′ electrodes was  not changed by
development. Several ERP and MEG  studies show that the
sources  of the N2 component are estimated to be in the
l Cognit60 M. Hirai et al. / Developmenta
fusiform gyrus (FG), anterior cingulate gyrus, medial frontal
gyrus,  and superior temporal gyrus (STG) (Jokisch et al.,
2005a)  and in the vicinity of the pSTS (Hirai et al., 2008;
Krakowski et al., 2011; Safford et al., 2010). The impor-
tance of the pSTS and FG regions in the perception of BM
are  observed in many fMRI and neuropsychological studies
(Bonda  et al., 1996; Grossman and Blake, 2002; Grossman
et  al., 2000; Saygin, 2007).
Our  study does not observe age-related changes in N2
amplitude, but does ﬁnd non-monotonic developmental
changes in corresponding N2 latency. The developmental
changes in activity in the fusiform face area (FFA) differ
in  response between a 5–8-year old group and a 11–14-
year old group, when given a face stimulus (Passarotti
et al., 2003; Scherf et al., 2007). Another fMRI study inves-
tigates the developmental changes in the neural response
to  a BM stimulus in school-aged children, 7–10 years
old (Carter and Pelphrey, 2006), although the point-light
motion technique is not employed, instead using a biolog-
ical  ﬁgure (a walking human), as well as the following: BM
by  a non-biological ﬁgure (a walking robot); disorganized,
non-BM by a disjointed mechanical ﬁgure; and organized,
non-BM by a grandfather clock. They found that the STS
region  responds greater to the biological stimulus than to
the  non-BM stimulus, and increases in speciﬁcity for BM
with  development. However, contrary to their ﬁndings, we
found  non-monotonic developmental changes for the N2
latency  and did not observe an age-related change in the N2
amplitude  and latency as well. It is likely that the preceding
ERP  components vary extensively across age groups, thus
we  ﬁnd signiﬁcant developmental changes, as reported in
the  P1–N1 analysis, but not in the N1 analysis. Moreover,
the sample size of participants is small in our current study,
and  this might affect the non-monotonical developmental
changes for the N2 latency.
To reveal the developmental changes in this later com-
ponent, we should apply the adaptation paradigm to
extract  a single component which is related to the later ERP
component, used in our previous study (Hirai and Kakigi,
2008).
4.4.  Developmental changes and possible other effects
Our  current ﬁndings of developmental changes for the
neurophysiological responses to BM stimuli during child-
hood  seem to be consistent with a recent behavioral ﬁnding
of  recognition of basic emotions from body movement
(Ross et al., 2012) (and see Slaughter and Brownell, 2011).
They  found that the performance on emotional recogni-
tion from point-light motion improved steeply until 8.5
year  of age followed by a much slower improvement rate
through  late childhood and adolescence. This ﬁnding sug-
gests  that the processing of BM can change from childhood
to  adolescence not only the processing of action perception
from point-lights motion, but also retrieving basic emo-
tions  from point-light motion.
Moreover, we found a signiﬁcant effect of Year in all
components. In our current study, we presented the same
visual  stimuli in both ﬁrst and second year, thus one might
think  that the modulation of each component by the Year
might  be due to the familiarity effect of the visual stimulus.ive Neuroscience 5 (2013) 51– 62
A  series of ERP studies have shown that intensive train-
ing  can in fact modulate the N170 component (e.g. Rossion
et  al., 2002), however in our current experiment, we pre-
sented  84 trials per year Moreover, the second experiment
was  performed at one-year interval. Thus, we presume that
the  effect of the Year reﬂects changes of cortical develop-
ment, not reﬂect the familiarity to the stimulus itself.
Because more female children participated in the 10-
year-old group than other groups, we therefore also
considered gender effects in this group. We  reanalyzed
the data including the gender as an inter-subject factor
(male and female). The gender effect was  manifested in
both  N2 amplitude and latency. For the N2 amplitude,
we found a two-way interaction between Year × Gender
[F(1, 6) = 16.03, p < 0.01]. This indicates that the N2
amplitudes in male group were signiﬁcantly larger than
those  in female group (−5.5 vs. −0.5 V) at the ﬁrst
year, but not signiﬁcant at the second year (−3.0 vs.
−3.2 V). For N2 latency, a three-way interaction between
Year × Hemisphere × Gender was signiﬁcant [F(1, 6) = 8.5,
p  < 0.05]. This indicates that the N2 latency in male group
was  signiﬁcantly longer than that female group in the
left  hemisphere at the ﬁrst year (346.5 ms  vs. 251.6 ms).
Regarding the gender effect on the perception of BM,  a
recent  behavioral study showed that males surpass in
recognition accuracy of happy actions, whereas the perfor-
mance  in females on recognition of hostile angry knocking
was  better than that in males. Advantage of women
in recognition accuracy of neutral actions suggests that
females are better tuned to the lack of emotional content in
body  actions (Sokolov et al., 2011). The gender differences
on  the perception of BM is an interesting topic, however,
the  number of participants are rather small in our cur-
rent  experiment, further studies should be addressed this
effect.
5.  Conclusion
The processing of BM is a fundamental component of
social  cognition, emerging very early in life. Here, we have
focused  on the longitudinal developmental changes in the
electrophysiological responses to BM stimuli during child-
hood.  We  identiﬁed three ERP components related to BM
perception and found differential developmental trajecto-
ries  in as little as a single year. Recent studies show that
children with autism have difﬁculty in the detection of BM,
however  these ﬁndings are controversial. We  hope that our
current  ﬁndings will help shed some light on the atypical
processing of BM in children with ASD by giving a compar-
ative baseline.
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